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Problems of Intermal Comstitution and

X Kinematics of Main Sequence Stars s D D
o 17\ e i
Bengt Strimgren iSO 2197
(George Dexwin lecture. delivered on October 12, 19 1595 U

The particular property of the distribution of stars in the Hertzsprung-
Russell diagram which ve refer to when we speak of main sequence stars has been
known now for more than fifty years. Through the theoretical work of Eddington,
Russell and Vogt it became clear that the main sequence stars are stars in
secular equilibrium, i.e. stars for which there is a balance between energy
‘ ¢ generation ard radiation into space.

The development of Bethe andi v. Weizslcker of the theory of energy
generation through transmutation of hydrogen into helium made possible an
analysis of stellar evolution through the main sequence phase, but it was only
after it was realized that mixing of material in stellar interiors is essen-
tially limited to regions in convective equilibrium that significant progress
was made., Chandrasekhar and collaborators tackled the problem soon after the
develomment of Bethe's theory, and - following a lead by Eddington - Opik, M.
Schwarzschild, Sweet and Mestel investigated the question of mixang in stellar
interiors. The work of Tayler, Kushwaha, Henyey, 1t levier and Levee, Hasel-
grove and Hoyle, and others, regarding stellar- evolutior during the hydrogen-
burning pliase followed, and new insights inmto the problems of intermal con-

\ stitution of main sequence stars were thereby gained.
In todsy's lecture I should “Jike to discuss the following guestions:

1. Can we' distinguish; observationally between stars of diiferent ages
in the main sequence ‘b&nd’f’n("‘

p 740677

2. Can weZaccount for the main sequence band in terns of le?lution
during the hydrogen-burning phase. 1In particular, can-we a.ccomt'rfor the lo-
cation of the so-called zero-age line, as well as for the cbserved width of
the main sequence band, and, ,e}-#o—detemng reliable ages for main sequence
stars. '+ e
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3, 1Is it posaible“at the present stage of development of observation
and theory be ccnnbin; L’ages and space veiocities of main sequence stars to ob-
tain significant knowledge regarding their places of formation in the galaxyy
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and if so, what is the geperal nmature of tne results arrived at.

The first question is essentially a question of observationsl astronomy.
Work carried cut during the last decades by a number of astronomers has shown
that we can indeed distinguish observaticnally between stars of different ages
in the main sequence bara.

The situaticn is clearest for stars thet belong to galactic clusters.

Here axtensive photometric work by a number of cbservers has led to an empirical
qualitative age-classification of main sequence sters (cf. e.g. A. Sandage(l)).

In the cese of field stars, vhere we do not posses the special advantages
of investigation characteristic of the case of stars that are members of galactic
ciusters, it has revertheless yroved possible to segregate stars in the main
sequence band according Lo age, namely through two-dimensional speciral clas-
sification. The MK system of classification devcloped by W. W. Morgan and
P. C. Keepan (cf. H. L. Johnson and W. W. Morgan (2)) makes possible a division
of main sequence stars of the same spectral class according to lumirosity,

For B and 4 stars the main sequence band is diviced into three portions zor-
respcnding to luminosity classes III, IV.and V; and for F and early § stars
into two, of luminosity classes IV and V.

Each compartmeat of tne two-dimensional MK classification system com-
tains stars that are fairly homogeneous with regard to age. For sare purposes
of investigation the accuracy of the classification according 4o age which is
thus obtained is adequate, but higher precision is revertheless desirable, In
recent years various attempts have been made at achievisg more accurate spactral
classification through quantitative methods based on phctametry, photographic
or photoelectric, of suitably seiected wavelength regivus. In a general vay
the procedure in questica can te regarded as further developments of methods
devised by Lindblad, and Uhman, over thirty years ago. The work cf Barbier
ard Chalonge and of Chalonge and collauborators (cf. D. Barbier (3) and D.
Chalonge {4)), that of R. Petrie (5), R. F. Grif?in and R. 0. Redman (6),

T. J. Deeming (7), and T. ard J. H. Walraven (8) is weli known {for & recent
survey of methods of gquantitative spectral ciasaification cf. e.g. B, Strimgren
(9)).

Here I should like t¢ discuss two methcds of spectral classification
based on photoelectric photometry. The first utiljzes two indices 1 and ¢
measuring the strength of the EB line and the Balmer discontinuity, respectively,
and is applicabie to B, A ani F stars (B. Strimgren (iC) and (11)). A similar
wethod for two-dimensional classification of B stars, based on BB pnotometry
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and UBV photometry, has been developed by D. Crawford (12). The intrinsic color
(YJ—B)O is derived from (U-B) and (B-V) in standard fashion and then combined

with sn index 3 measuring the BB strength to yield two-dimensionmal classification.
(The index B is similar to 1, but samewhat more semsitive to the changes in

BB strength because a more suitablie interference filter for the isolation of the
HB band is used). Since the lc- and B- (U-B)°~ methods have been described pre-

viously I shall restrict myself here to comments on their use for determination

of ages of main sequence B stars,

In a a-(u-}z)o diagram the B stars of luminosity classes III-V populate a
band with a well Aefined limiting envelope toward high B-values, the zern-age
lipne, ~For given (U--B)o the value of P decreases Wwith increasing luminosity.

The width of the main segu=suce band in 8 is a little more than 01?1 for late B
stars and somewhat less for che early ones, The properties of the distribution
in the l¢- diagram are similar. Since B is determined by photoelectric photometry
t0 an accuracy of better than 01.'101 it appears quite feasible to distinguish
observationally Tetween B stars of different ages within the main sequence band.
Indeed, if the stars in question can be satisfactorily described in terms of
tvc-dimensiorsl classification, then age determimation to an accuracy of ovne-
texth of the main seguence lifetime, or better, chould be possible., However,
the question arises whether parumeters beyond the two basic stellar perameters,
mass and age, influence the properties of the star in question to a degree

that would make ages determined from observed valuves of 1 and ¢, or B and (U-B)o,
considerably less accurate (cf. D. Chalonge (13), B. StrBmgren (14), T. and

J. H. walraven (15), and R. Hardie and D. Crawford (16)).

In the investigations just referred to (particularly (15) and (16)) the
guestion is examined through cauparison of sbsolute magnitudes determired from
the two-dimencioral classification with values obtained on the assumption of
assoc2ation membership., The occurrenceof undetected spectroscopic binaries as
well as the pessible inclusion of non-members in the material complicates the
discussior, Hovever, the comciusion is reached that an influence of stellar
parameters beyond mass and age is present, and Lhat the accuracy of the absolute
mygnitudes derived from two-dimensional classification is somewhat lese than
what would be the case if the limit given by the probable errorc of the photome-
try were reached. The actual probable errors of the Mv- values appear to be
about + 0v2, rather than + O.l.

In associatious where the ma.. sequence band extends to 0-B2 stars the
less luminous late B type stars are expected to populate a narrcw band close
to the zero-age line in the lc- diagram or B- (U—B)o diagram. In the cases
- 3 -




where the test has been applied, this was in fact the case. A further test of
the reliability of ages determined by these methods can be made in the following
way.

On the basis of photoelectric UBV and HB photometry by D. Crawford (17; for
501 B8 and B9 stars brighter than 6-5 absolute magnitudes and distances have been
computed, as well as space velocities for all those stars for whichk radial
velocities are available, The space velocity component IV' at right angles to
the galactic plane is generally small for these stars, as expected, averaging
about 6 km/sec. However eight stars have Iwl - values greater than 13 km/sec
{the average being 18 km/sec) and therefore in the oscillations at right angles
to the galactic plane spend most of their lifetime outside the regions where
star formation occurs. We conclude that they were formed either very recently,
less than 5-10 million years ago, or that their age is about equal to onewhalf
the period of oscillation., In view of the location of these stars in the H-R
diagram the latter is unlikely, and we should therefore expect to find them
very close to the zero-age line in the B- (U-B)o diagram. In fact, this is
the case for all of them, the average deviation in g being only 0.13 times
the width of the main sequence band,

The conclusion reached is that the influence of parameters beyond mass
and age notwithstanding methods such as the lc-method or the g-(U-B) o-method
do make it possible to distinguish observationally between stars of different
ages in the main sequence band, and that they yield ages for B stars with
probalble errors equal to perhaps 10 - 15 per cent of the main sequence band
lifetime in question.

The second type of classification methcod based on photoelectric photome-
try that I should like to discuss utilizes three indices derived fram four-
color photometry in bands of intermediate width, The bands in question are
the following:

Central
Wavelength HBalfwidth
u 35004 3004
v k110 190
b 4670 180
y 5470 230

The 1 band is isolated with the help of a combination of Schott glass filters,

the other three through Schott imterference filters. The photoelectric photome-
try was carried out making consecutive measures through the four filters.
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w2 u band 1s located below the effective wavelength of the Balmer discontinuity.
For the F and G stars the v band intensity is strongly affected by absorption
lines vhile the b and y intensities are considerably less, and about equally
reduced by the line effect.

Three indices were derived from the magnitudes u, v, b and y, namely,

b - ~ a color index tha’ is relatively insensitive to chemical-composition
effects

cla(u-v)-(v-b) a color difference that is a measure of the Balmer dis-
continuity

mlz(v-b)-(b-y) a color difference that is a measure of the tctal
intensity of the metal lines in the v-band.

The uvby method has been applied to stars in the spectrel range A2-G2,
Photoelectric phctometry was obtained for 1217 stars brighter than visual
magnitude 6.5 and nearly all between declimations -10° and +65°. In addition
a number of fainter stars that are members of the Hyades, Pleiades and Coma
clusters were also observed. The observations were made by C. Perry and my-
self with the 20-inch reflector of Mount Palomar Observatory, and the 36-inch
and 16-inch reflectors of Kitt Peak Batiomal Observatory. The accuracy of
‘l?he indices b-y, m, and c, ¥as as follows,

+ 000k p.e. of catalogue value of b-y

4+ 0.005 p.e. of catalogue value of m

+ 0.006 p.e. of catalogue value of ¢y

. (2 observations, each consisting of two sets of filter measures)

The aim of the observations was the determination of color index,
absolute pe~mitnde, snd a chemical-camposition index., The relation of the
uvdy method used for this purpose to the six-color method of J. Stebbins and
A, Whitford, the methods of photographic photometry developed by W. Becker,
and the spectrophotometric methods of D. Chalonge and collaborators is dis-
cussed in (9),

+ was expected that the combipation of the indices b-y and ey would
glve the visual absolute magnitude, in other words that the location of a
star in a cy- (b-y) diagram would determire its place in the Hertzsprung-
Russell diagram. This turned out to be the case. Fig. 1 shows the dis-
tribution of the A2 - G2 stars in question in the c)- (b-y) diagrum. (The
plotted points correspond to a prelimipary version of the photometric
catalogue just referred to, as does the following discussicn; the changes
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in question are small and of no consequence)., The distribution is seen to
have a well defined lower envelope. This represents the zero-age line or
practically unevolved main sequence stars. For a given b-y the luminosity
increases with increasing cl. There is « fairly well defined upper limit to
the main sequence band., The poirts above this 1i1dt correspond to giant and
supergiant stars of luminosity classes II and I fcr the A stars, III, II and I
for the F and G stars.

A calibration of the c -(b-y) diagram in terns of visual absolute mag-
nitude Mv has been carried oﬁt on the basis of N.v-values for 130 A2 - G2 stars
with relatively accurate cluster parallaxes or trigonometric paraliaxes. The
results of the calibration are summarized in the following table,

b=y %1 M, Factor _ 7 Sp. Class
2ero-age zero-age Acl
line line
oo  1To0 175 9 A0
0.05 0.96 2.0 8 A3
0.10 0.88 2.4 8 A6
0.15 0.78 2,7 8 A8
0.20 0.65 3.1 8 FO
0.25 0.52 5.5 9 F2
0.30 0.42 3.9 10 F5
0.35 0.35 4.5 13 F8
0.5 0.31 5.0 16 G2

The two first columns give c, as function of b-y for the zero-age line

1
while the third column contains the abksolute visual magnitude Mv’ also for the
zero-age liue, If we defineAcl as the measured cl-value minus the zero-age
c.~value corresponding to the measivred (b-y)-value. then

1
M =M (zero-age line) -A e,y " A_ﬁ
Acy
w-ere the factor tod 3 is given in the fourth column of the calibration table,
Combining the kaown values c¢f the probable errors of the photoelectric
photometry with the information given by this calibration we derive that the
photametric errors lead to a p.e. of the Mv of + o™ to + 0%2. according to
the spectral class. The residuals Mv(o‘nserved) minus M_ (photometric) for the

calibration stars indicate that the actual p.e. is oniy slightly larger than
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the lower limit corresponding to the photometric p.e,

As an example the following table gives the absolute visual magnitude
M_ auccording to van Bueren (18) for twenty-six bright members of the Hyades
tluster as vell as Mv determined from measured values of the indices (bey)

and Cys and the corresponding residuals. The components U, V and W of the
space motion (uncorrected for solar motion, new galactic coordinate system)
as computed from distances corresponding to the photometrically determined
’ Mv-va.lues are also given for the sake of illustration.
E: Star M M Res. U v W
< phdt. v. Bueren
) HR1201 30 30 -0n -0 -16 -3
1 45 T 3,2 3,2 0.0 -39 -17 -3
4 { 51 Tau 2.3 2.3 0.0 -39 -16 -2
E 3 57 Tau 2.5 2.7 +0.2 i -18 -k
E | 58 Tau 2.2 2.1 -0.1 -39 -17 -2
e 65 Tau 2.7 2.5 0.2 -37  -16 -2 Met. 1. st.
3 E 6l Tau 1.6 1.9 +0.3 -Lo -20 -2
: E 65 Tau 1.1 1.0 -0.1 -43 -18 -k
k3 67 Tau 2.2 2.3 40,1 -36 -21 -1
g HR1403 2.6 2.6 0.0 -39 -16 2 Met. 1. st.
E Ok 76 Tau 2.7 3.0 0.3 46 -20 -3
, 768 Tau 1.2 1.0 -6.2 -4o -13 -6
- 3 79 Tau 2.0 2.0 0.0 -36 <17 +1
ERL427 1.7 1.8 0.1 o -18 -1
e B 81 Tau 2.6 2.k -0.2 -41 -1€ -3
E . 83 Tau 2.4 2.4 0.0 -40 -18 -2
% 85 Tau 2.9 3.0 0.1 38 -18 -3
E § 89 Tau 2.5 2.7 +0.2 ko -18 -1
E | 90 Tau 1 1.3 0.2 -4 -8 -3
E | 92 Tau 1.4 1.k 2.0 -8 -16 -1
3 HR1480 2.3 2.3 0.0 -8 -17 -1
: BR1507 2.k 2.5 0.2 40 -18 -2
3 97 Tau 1.8 2.0 40,2 -39 -18 -2
3 102 Tau 1.2 1.3 +0.1 -42 -16 -k
, HR1670 dbr. 2.5 2.7 40.2 -2 -20 -3 Met. 1. st.
16 Ori 2.3 2.1 -0.2 -36 -15 -1 Met. 1. st.
s T
;
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Four of the listed stars are metallic line stvars, and we note that the
residuals for these stars do not differ significantly from the others,

Inspection of Fig., 1 shows that the main sequence band has a width in
c__L of about 0?2 for A stars and somewhat less for the later types. In view
of the precision obtained in the determinmation of b-y and cy we conclude
that a separation according to age within the main sequence band is quite
feasible, A similar conclusion is reached when the distribution in the
Hertzsprung-Russell diagram as obtained with the help of the Mv-calibmtion
is considered, In fact, age determinations of somewhat higher relative
accuracy than for the B stars appear possible.

It should be emphasized that the c,~(b-y)-method is sensitive to the
influence of interstellar reddening, c_:ontrary to what is the case for the
lc-method. However, the present program of investigation is limited to stars
within abont 100 paersec where the effect is very small. In comparison with
the lc-method the - (b-y)-method has the advantage that it is applicable for
stars later than F7, at least up to spectral class G2.

The ¢ - (b-y) diagram in Fig. 1 contains several high~-luminosity stars
above the main sequence band. Some of them are appreciably reddened, and
the method of classification does not apply to them. However, they are
segregated from the main sequence stars without difficulty.

Three inrdices, namely, b-y, m, and c, were derived from the photoelectric uvby
photometry, We shall now discuss the problem of chemical-composition differences
within the sampie of stars considered on the basis of this material. We shall
return to the question of the calibration of the ¢,- (b-y) diagram in terms of
Mv to see which corrections if any, must be applied to allow for such dif-
ferences in chemical compositior as might be indicated by the material of
m - indices.

Fig. 2 shows the distribution in an ml- (v-¥) diagram of the stars of
the main sequence band (A cl< 0?15). For the late F and early G stars (b-y
0730 - 0?40) the range of variation of o, for a given b-y is considerable,
much larger than the photometric p.e. of m, . An examination of the correlation
of m, vithAcl as just defined shows that the variaticn of ml is not explicable
in terms A cl, or apsolute magnitude variation within the main sequence band,
In other words, the uvby photometry shows that the spectral properties are
significantly influenced by a parameter beyond the basic parameters mass and
age. A similar conclusion was suggested by discussions of the (U-B)-(B-V)
diagiram of main sequence stars (cf. H. L. Johnson and W. W. Morgan (2) and
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H. L. Johnson and C. P, Knuckles (19)), and more clearly by the spectrophoto-
metric work of Chalonge and collaborators (D. Chalonge (3)) as well as by a
discusslion based on photoelectric observations of a metal index m similar to
the index m, (B. Strémgren (20)).

Results of spectrophotometric observations made at high dispersion
- of total equivalent widths of absorption lines for different portions of the
gpectrum (cf, W. G. Melbourne (21) and M. Schwarzschild, L., Searle and R. Howard
(22)) cuggest that the third parameter which influences th: ultraviolet excess,
and 1n particular also the indices m and m,, is a chemical-composition para-
meter, namely the relative metal content. With regard to the m - index, this
conclusion is confirmed through a theoretical analysis by B. Baschek (23),

0. Eggen and A, Sandage (24) have investigated the question of the ultraviolet
excess, According to this interpretation the late F and early G stars with
relatively large[}ml would correspond to the weak-line stars of Nancy G. Roman
(25), those with relative small A m to the strong-line stars.

G. Wallerstein and M. Carlson (26), and G. Wallerstein (27). have
determined relative chemical abundances for a number of metals for main sequence
stars around spectral class GO, The results were derived from quantitative
analysis based on high-dispersion spectra., These authors found a very good
correlation between ultraviolet excess and relative metal content, in particular
the Fe/H ratio,

Using the ml-indices of the photoelectric uvby photometry we arrive at
a simllar result. A standard relation between b-:; and o, valid i1or stars near
the zero-age line and with the chemical composition of Hyades stars, was derived
for b-y 0522-0.40 from the photometry of =embers of the Hymdes cluster. 1t
was found to be very close to the lower-envelope relation between my and b-y
found from the distribution in the ml-(b-y) diagram as shown in Fig. 2 (allow-
ing for the known photometric scatter). An anaulysis in which the ml-(b-y)
relation was examined for groups of stars separated according to/ cl suggested
no systematic change of the relation withllcl (1.e. with absolute magnitude)
withir the main sequence band (A cl< 0715). We now define a metal-index
deviation Aml as A m) =, (standard relation)-ml. According to this definition
a pOBitiVCAAml means a relative metal content below the Hyades standard value,

Fig. 3 chows the relation between Am, and the quantity ‘?e/ﬁ] , defined
by Wallerstein as

Fel log (Abundance of Fe) - 1o ‘Abundance of Fe)
H Abundance of H G Abundance of H
star ‘ sun

-9 -

AL /i e B L i T 1 i

s e .t 2

et sk o




A S T T IS N A W S v - -

. for the stars abserved in both programs, Two extreme population II subdwarfs
fsinter than apparent visual magnitude 6.5 have been included. This type of
star, withdm -values 01?15-01520 is not respresented in the samrle of stars
brigiter than V = 6.5,

The material, although not very extensive, suggests a linear relation
betveen [Fe/@ and AnL_L. The scatter is about as expected in view of the
probeble errors in the leterminations of [Fe/H} and Am . It appears that
\:I‘e/H] car ve predicted frum 4m. with a p.e. of about + 0.1,

Heving considered the la.t; F and early G stars we regard the eariy F
scars in the b-y range 022 - 0-25, Here the scatter in the m, - (b-y) diagram
is relatively small. The r.m.s. deviation of Am,‘ from the average value is
+ OIPOlO, or + 0%07 after correctiorn according tg the known p.e. of the ml—
values, If the p.e. of the rhotometry is underestimated, then the real range

‘MMNL

YU VTV TRRTRYT Y

of variation is of course correspondingiy smaller, and an increase of the p.e.
by about one-third would suffice to accounm. for the entire scatter for the
early F stars under ccnsideraticn. The derived actual scatter must therefore
be regarded as an upper limit.

In the b-y range considered the index m1 is less sensitive to changes
in the metal content than in the b-y range of the calibration stars of spectrcl
type around GO, by a factor estimated tc be about 2, However, this does not
fully explain the reduced scatter in m; the group of stars must also be more
homogeneous with regard to chemical composition. This is a plausible remalt
since we are dealing with stars for which the average age and the age range
are much smaller than for the group of late F and early G stars. From the
m -data the r.m.s. deviation of E‘e/fl] from the mean value is estimated to be

) only +0.15 (upper limit) for the early F stars in auestion.

As we go to still earlier stars on the main sequence we might perhaps
expe.* the scatter in the m - (b-y) diagram to become still smaller, since the
sensitivity of m, to cromical composition changes becomes smaller, as does the
average stellar ;ge. What we see in Fig., 2 is, however, a big increase in
the scatter as we pass b-yZ?Ol?al, corres,onding to spectral class Fl.
Clearly, for a color range b-y beginning at 9721 and extending at least to
OI?DS (spectral class A2) the spectral properties are significantly influenced
by a third parametsr, beyond the basic masc and age parameters, which here
cannct be identified with any quantity ckaracterizing the initial chemical

WL

composition,
In Fig. 2 metallic iine stars are denosted by triangles, and it is seen
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that most of these stars are found in the lower part of the range of variation
of ml, i,e, they tend tc have high ml-va.lues. Quite a few stars with high
m, - valses are not in the present lists of known metallic line stars. It would

be of interest to examipe classification spectra of the stars in question to see
what fractirn might be metallic line stars according to the standard definitior.

D. Chalonge and collaborators (4) have spectrophotometrically ccmpared

———r s e e ——— =

the intensity distribution ir the continuous spectrum of metallic line stars with

that of normal stars in the wavelength range 4000 - 60003 and found pronounced
differences, The differences ccrrespond to those in the ml-indices Just dis-

cussed, However, since it is not quite clear to what extent the spectrophotcome-

try in question is influenced by absorption lines a detailed comparison with
the uvby photometry results cannot be made, It eppears that spectrophotometry
carried out with high dispersion is necessary in order to separate possibly
existing true continuum effects and absorption line effects, and such measures
are not yet available.

For the color index range b-y 01?0 to 0?2 the influence of the absorption
line H3 on the v-band intensity, though small, is quite noticable. This
produces an absolute magnitude dependence of the index ;. A small correction
equal tc + 0.1A cl was applied to the m1~ values in this cclor range in ordev
t0 eliminate the effect. The ml-va.lues plotted in Fig. 2 were corrected in
this way. It may be noted that the BR-effect slightly increases the sensi-
tivity of the index 2 to absolute magnitude and therefore improves the scale
of the ¢~ (t-y) method for determining M.

The problems of metallic line stars. and the broader probiems of the
nature of the third parameter that influences the properties of A stars and
early F stars, appear at the present time to be quite complex. The following
discussion deals only with a few of the many relevant questions, and no
definite conclusions are reached.

It is known that the value of the rotational velocity parameter v sin i
is on the average much lower for metallic line stars than for normal A and FO
stars (cf. A. Sletiebak (28)). On the basis of the results obtained by

Slettebak for stars brighter than V:S? 0 we have investigated the correlation of

m with v sin i, There is a pronounced tendency for the values of v sin i to
become smaller as cone goes %o stars with larger ml-values. This could mean
that stars with large ml, and in particular the metallic 1&ne stars are seen
pole-on, but in view of the results obtained by H. Art (29) on the occurrence
and properties of spectroscopic binary systems among metallic line stars
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this interpretation does not appear very plausible. If on the other hand there
is a strong correlation between m, and v, ther one would expect that all stars
with large v sin i, and therefore with large v, would have small m and further-
more that all stars with large m, would have small v, and therefore small v sin
i, Pig. 4 1llustrates the point. Although the availablie raterial of v sin i-
vaiues is small the complete agreement with expectation sppears to be of signi-
ficance,

As one goes along the main sequence toward early types i.e. toward larger
mass, the third-parameter phencmenon under discussior sets in rather suddenly at
spectral class Fl. A change in mass of, say, 10 per cent brings about a comp-
lete change, We therefore ask the gquestion. What property, or properties, of
the structure of main sequence stars varies rapidly with mass, for masses around 1.5
: solar masses.
E It was shoun by Struve that the average rotational velocity of main
2 sequence A, ¥ and G stars decreases with increasing color index, and that this
decrease is very rapid near the transition point at Fl that we are considering

= here.

‘ With regard to internal comstitution of main sequence stars, it is well
known that there is, somewhere between GO and AQ, a transition from a structure

3 ‘ with a relatively deep outer convection zone to one in which convective in-
stabiiity in the outer vart of the star is limited to quite a shallow layer
near the surface., According to N. Baker (30) the mixing-length theory of

turbulent convection predicts that the transition occurs near Te = 71+00°, or

5 spectral type Fi (if it is assumed that the ratio of mixing-length and scale-

3 height is 2). It is also knownr that as one-goes to larger masses a convective

. a core first occurs at about 1.5 solar masses, or near Fl, and remains a feature

of the structure through the range of 0, B and A type main sequeace stars.

%:» The relevance in the present context of either of these transition

k= : phenomena may be further explored. I should like to comment on the possible

roie of the changes in the prcperties of the outer convection zone, If, as

has been suggested, contamination of the atmosphere as a consequence of cir-

cumstellar nuclear processes is essential to produce a metallic line star,

S op b g0t ol
Phrdilieial;

then & necessary ccndition for the phenomenon to occur would appea- to be the

RN

g

absence of appreciatle mixing of the stellar atmesphere with deeper layers. A

s

Aeep convection zone would practically prevent contaminati.n. Rapid rotstion
uight also leed to sufficient mixing of the atmosphere with deeper layers for
the :ontamination effect to be strongly reduced. In this comnection it
should be noted that N. Baker and R. Kippenhahn (31) bave shown that the

1 velocity of circulation in meridional planes caused by rotation is inversely
- 12 -
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proportional to the local density and therefore relatively high in the outer layers.,

The circulation velocity being proportiomal to the square of the velocity of rotation

v the degree of mixing varies strongly over the relevant range of v. This suggests that
it would be useful to examine the following picture: A deep outer comvection zone
produces mixing that prevents contamination of the atmosphere., At the effective tempera-
ture where this t,ype of mixing ceases the third-parameter phenomenon sets in. Rapid
rotation produces mixing that strongly reduces contamination, and the rapid rotators
therefore form a sequence in the ml- (b-y) diagram that is nearly continuous with the
sequence of convective stars {cf. Fig. #)., In the slow rotators conmtamination plays

a role, and in the m,- (b-y) diagram these stars fall below the sequence of convective
stars and rapid rotators, Further analysis may wcll prove the picture to be incorrect.
In particular, it might be found that circumstellar nuclear processes are ineffective
against the mixing in even slow rotators, or that effects of anomalous abundances,

ana the effects of different pressure-density relations in convective and radiative
atmospheres (cf, Rudk3iBbing (32)) do not suffice to explain the spectroscopic ano-
malies of metallic line stars. However, if it were found to be valid the analysis

of the m - (b-y) diagram would yield a valusble observational determination of the ef-
fective temperature at vhich deep convection sets in on the main sequence,

We now return 10 the question of the possible influence of the chemical-
composition parameter on the absolute magnitudes Mv determined from b-y and Cye Ve
shall consider first the late F and early G stars. Both the u-band and the v-band
intensities are sensitive to relative metal conmtent, but in the color difference 2
there is at least a partial compensation of the effects, An Mv-ca.li‘bration on the
basis of cluster parallaxes and trigonometrical parallares was carried out separately
for stars with small and large Aml- values., In this wvay 1t was determined that a
correction of the cl-values equal to +0,75 uml is required for the calibration of the
¢ - (b~y) diagram corresponding to Aml = 0 (Hyades composition) to be valid. The
factor 0.75 applies to the color range b-y 0.25 - 0540, It may vary with b-y within
this range but the calibration material indicates that such variation is smail,

The ml-con‘ections to Mv average only a few tenths o2 a magnitude, but they may
amount to avout lm, and the extension from a two-dimensional to a three~dimensional
classification scheme is therefore important for accurate determinations of Mv. In
this connection reference is made to the spectrophotometric three-dimensional clas-
sification scheme of D, Chalonge (4).

For the color range b-y 0700 - 0720 tne ml-effect was investigated using
Mv-va.lues for metallic line stars in the Hyades and Coma clusters. We have already

seen that the effect is small here. A correction of the cy- values by
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-0.15 Aml is indicated, where Anl is counted from a standard 1ine defined by
the normal Hyades cluster stars,

We turn next to the question of the determination ¢of stellar ages from
the indices obtained through the photoelectric uvby photometry. In principle
a direct calibration of the c,= (b-y) diagram in terms of mass and age is possible
on the basis of theoretical calculations of stellar evolution combined with
model atmosphere calculations. We shall, however, limit ourselves here to a
discussion of efforts aiming at mass and age calibration of the Hertzsprung-
Russell diagrasm. In other words, we translate location in the ¢y- (b~y) diagram
into location in the Hertzsprung-Russell diagram using the observationally
determined Mv-ca.libration that we bave just discussed, and then utilize
computed tracks of evolution in the Hertzsprung-Russell diagram to find the
mass and the age,

In the following discussion we shall consider mainly the problems of
the younger main sequence stars, i.e. B, A and early F stars, returning
however to certain questions regarding the late F and early G stars.

The theoretical work on stellar evolution through the hydrogen burning
phase, referred to in the introduction, has yielded mass-age calibration of
the desired type for the spectral range in question (cf. e.g. L. Henyey,

R. lLelevier and R. Levee (33)). For our ultimate purpose of combining stellar
ages and space velocities to give the places of formation in the galaxy wve
need ages of relatively high accuracy. An improved age calibration appeared
desirable,

The following results on evolution through the main sequence band for
stars in the mass range 1.5-4 solar masses were obtained in collaboration with
Mr. T. Kelsall, Goddard Space Flight Center, Greembelt, Md.

Improved stellar opacity tables, computed with the aid of an IBM 7090
computer and a code developed at the Los Alamos laboratories (cf. A. Cox (34))
were used., The expression for the energy generation was chosen according to
recent revisions of relevant cross-sections (cf, W. A, Fowler (35) and
H. Reeves (36)). Further improvement of the basic data will soon be possible,
in particular with respect to the opacities. A. Arking and J. Herring (37)
have made detailed calculations of the effect of absorption lines on stellar
opacities, and when corresponding opacity tables are available, ithe stellar
model calculations will be repeated. However, in the mass range considered
the resulting changes should be fairly small,

As in previous work of this kind a chemical composition representative
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of the young population I stars in question must be determined (cf. the in-
vestigations already rererred to, also D, Morton (38) and I. iben and J.
Ehrman (39)). Calculations were made for four different compositions (X,Y,Z),
and a composition was determined by the conditions that the observational
zero-age line must be reproduced, and that the correct luminosity must result
for a star on the zero-age line of mass equal to that Sirius A (Sirius A is
s0 close to the zero-age line that the projection back on this line can be
effected without much uncertainty). It was found that these conditions are
nearly satisfied for X = 0,70, Y = 0,27 and Z = 0.03.

For a given mass M and chemical composition the stellar model calculations
give the radius R and the luminosity L as functions of time. The effective
temperature Te follows, of course, but for the determination of the track of
evolution in the Hertzsprung-Russell diagram knowledge of bolometric corrections,
and the temperature scale connecting Te and the color index used, is necessary.
For the spectral range in juestion the variations of the bolometric correction
with absolute magnitude, for given color index, within the main sequence band
are small, and we shall neglect them for the present. Therefore, if location
in the Hertzsprung-Russell diagram is expressed.-in terms of color index and
vertical separation Auv from the zero-age line, the bolometric correction is
elininated.

With regard to the temperature scale for the late B and A stars there is
still some uncertainty. In & recemt discussion by D. Popper (40) this is
estimated to be + 500° at AO, corrasponding to about + 0?03 on the b-y color
index scale, This uncertainty coutributes noticably to the uncertainty of
the age calibration. The method of combining the results of model atmosphere
calculations giving intensities in the continuous spectrum as a function of
effective temperature Te and gravity g with observed intensity ratios for
suitably chosen wavelengths has been used to determine effective temperatures.
However, although the relative photomeiry (comparing differemt stars) is of
quite high accuracy, the possible errors of the absciute photometry are stiil
a limiting factor of the method.

The photoelectric uvby photometry has been used to obtain a check on the
temperature scale through a procedure that does not require the use of absolute
photometry., From model atmospheres computed by K. Osawa (41) the color index
difference cy was calculated as a function cf eflective temperature on the
zero-age line, Comparison withk the observational c. -value at the maximum

1
near AO determined the value of the constant (arbitrary in relative color
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index phototometry) which must be added to the observed cl-vv.lues. These then 1
gave zero-age line effective temperatures as a function of b-y for icte A
stars where cl varies strongly with b-y (and where the gbsorption line corrections
are not yet appreciable). From these effective temperatures the constant to
be added to the observed color indices b-y fcr comparison with the model
atnosphere values could be evaluated, and the temperature scale Te (o-y, °l)
derived, The Te-values found in this way are a little higher than those of
the Popper temperature scale, but agree with the latter within the estimated
errors.

The following tablegives as an exmmple the results of Mr, Kelsall's
coumputation of the evolutionary track for X = 0,70, ¥ = 0.27, 2 = 0,03, for
log H/Mo = 0,45, through the hydrogen burning phase. For a series of models :
the table gives che age, the hydrogen content Xc at the center, M‘ool’ R, Te" <
Aubol’ the relative mass of the core, the relative energy production in the
core, T and S o

e M'bol Core Core T ;
Age from 1l.mass rel. S :
Billion X M, R T irom zeros  Yel. million Ve

years ] ol R e age iine penrergy degrees

0.000 0,70 070 1.88 121¢9° 0.0 0.17 0.9 23.0
0,011 0.69 0.0 1.90 12100 0.9 0.17 0.9 23.1
0.100 0.55 -0.1  2.09 11800 0.3 0.1%  0.54 23.7
0.165 0.k2 -0,1 2,29 11h00 0.5 0.12 0.9 2L L
0.213 0.29 -0.2 2,55 11000 0.8 0.10 0.S% 25,2
0,252 ©€.16 -0,2 2.81 10500 1.1 0.07 0.9 26.3
0.266 0,10 -0.2  2.95 10300 1.2 0.07 0.9 27.1 61
0.268 0.08 -0.2  2.95 10300 1.2 0.06  0.95 27.3
0.270 0,07 -0.2  2.96 10300 1.3 0.06  0.95 27.5
0,273 0,06 -0.3  2.98 10300 1.3 0.06  0.95 27.8
0.277 0.0k -0.3 2.9¢ 10300 1.3 0.06 (.9 28.3

CEFELEE

SRER

We see from the Mbol colum that the computed width of the band cor-
responding to hydrogen burning is approximately i % at an effective temperature
T e=10500°, i.e. close to AO.

Couupmariuy, wue computed evolutionary track with those obtained in similar
calculations by Kushwaha (42), Henmyey, le levier and Ievee (33), and Hoyle and
Haselgrove (k3), we see that it does not differ greatly, in spite of fairly
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great difference in the assumptions regarding chemical composition,opacity
and exnergy generation.

In the table below are given values of age, log Te and Mbol as a function
of X, for the following masses: log M/Mgy = 0,45, 0,40, 0.55, and 0,30, The
computations were made by Mr, T. Kelsall,

Age Age
X billion log T X billion log T
(3 years e Mbol (o years e M'ho.'!.
0.70 0.00 3,97 0% 0.70 0.00 00 0%
0.60 0.16 3.97 0.1 0.60 0.12 L, 00 0.1
0.50 0,30 3,96 0.3 0.50 0.12 4,00 0.3
0.40 oO.k2 3.95 0.% 0.40 0.31 3,99 0.5
0.30 0.52 3,94 0.5 0.30 0.38 3,98 0.7
0.20 0.60 3,93 0.7 0.20 0.44 3,96 0.8
0.10 0.67 3,92 0.8 0.10 0.49 3.95 1.0
0.05 0,70 3.92 0.9 0.05 0.51 3,95 1.1
M ¥
log iy 0.30 log Ty 0.35
Age Age

X billion log T X  billion log T M

¢ Jears e Mbol ¢ years e bol
0.70 0.00 4,05 0% 0.70 0.00 4,08 0%
0.60 0.09 4,04 0.2 0.60 0.07 4,08 c.2
0.50 0.16 ,03 0.3 0.50 6.12 k 07 .4
6.40 0.23 4,02 0.5 0.%0 0.17 4,06 0.6
0.30 0.28 4,01 c.7 0.30 0.21 L, o4 0.8
0.20 0.32 4,00 0.9 0.20 0.24 k.03 1.0
0.10 0.36 3.98 1.1 0.10 0.26 L, o1 1.2
0.05 0.37 3.98 1.2 0.05 0.27 k.01 1.3

M M
log EOS 0.40 log NS 0.45

We shall now consider the second of the questions raised in the intrcduction,
We note that the computed zeruv-age line agrees very well wiith the observed
line through the spectral range under consideration. This is satisfactecry, how-
ever it is clear that we do not here have a very sharp test cf the theory, since
one chemical composition parameter was chosen to bring about agreement near AO,
and because there is still scme uncertainty about the temperature scale. Next
we come to the question of whether or nct the observed width of ithe main se-
quence band can be accc.nted for on the basis of the computed tracks of evolution
during the hydrogen burning phase. The computed widih is gbout 1?3 at b-y = 0?05
and 170 at b-y = O715. Comparison with the observed distribution in the
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Hertzsprung-Rucsell diagram of stars that are memvers of galactic clusters might
give the impression that the computed width is somewhat too small, however the
well known widening effect by undetected spectroscopic binaries must be kept

in mind in this connection. Here we shall discuss in some detail the comparison
with the observed distribution in the c, - (b-y) diagram (cf. Fig. 1).

Consider 'he color range 0?07 - 01?15 vhere the average computed main sequence
width is 151, From the observed distribution in the ¢ - (b-y) diagram we find
(allowing for cbservational scatter) that ebout 15 per cent of the 200 stars in
question are above the computed main sequence band region, and within 01?6 ct
i1ts upper limit. Now we must allow for the fact that we are dealing with a
sample of stars brighter than apparent magnitude V = 6.5 so that the stars
above the main seqrence band populate a larger volume, When correction is made

sthaan

for this effect it appears that only about 5 per cent of the stars are in the
considered band above the computed main sequence region. A goocd fraction of
these stars may be stars that have exhausted the supply of hydrogen in the
central regions and are evolving away from the main sequence region. The
remaining effect of scatter beyond the computed main sequence band is thereZore
small, Relatively minor revisions of the results of theoretical calculation
might reduce it significantly. .
Again allowing for the volume effect we find thav the fraction of stars i
that are located more than 0.6 above the computed upper linmit of the main
sequence 1s quite small., A few of these luminous stars are appreciably reddened 5
and should not be included in the statistics. It appears ualikely that inter-
pretation of the remaining stars in terms of evolution beyond the main sequence

e ah AN SR e $a

stage should present any difficulty.

Altogether the predictions basea on the theoretical caiculations appear to
agres rather well with the observations, for the color range under consideration.
» small remaining difference becween the predicted and the observed width of
the main seguence band may be due mainly to the influence of the rotational-
velocity parameter,

If we go beyond the spectral range of the A stars to later types, we find that
the computed width of the main sequence band becomes considerably” smaller, Mr.
Kelsall's calculations for log goﬁo.zo confirm a result previously found by
Hoyle (43) that the evolutionary changes of luminosity ané effective temperature

with age are very small here during most of the hydrogen burring phase. It is
also known that the tracks of evolution of stars of approximately solar mass

differ in character from those of the A stars, with both the effective tewrerature
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and the luminosity increasing during the early part of the hydrogen burning
phage (cf. e.g. R. Sears (44)), Further work on the intermediate mass range,
in which the outer convection zone is taken into account as well as is possible,
appears desirable. We shall limit the present discussion as far as it is based
on stellar evolution calculations to b-y & 0?16, i.e. to the spectral range of
the A stars.

For the main sequence A stars ages determined from location in the cy- (v-y)
diagram using the absolute magnitude calibration and the computed tracks of
evolution would appear to merit sufflcient confidence for comsideration in
connection with the observed space velocities according to the program outlined
in the introduction. We may note that the calibration curves indicate that for
the upper hLalf of the A star main sequence band the age is essentialiy a
function of the color index b-y, and that here an age difference of 100 million
years corresponds on the average to a difference of 0?011» in b-y.

Future extension of the work to unreddened AO stars appears quite feasible
with the combinmation of uvby photometry anc. HB photometry. If a further extension

to reddened AO stars should be .desirable, then the addition of another index, such

as a K-line index, would be required,

It should be emphasized that there are in the spectral range of the A stars
peculiar stars for which the scheme of age determimation fails.. H. W. Babcock
(45) on the basis of his measures of the Zeeman has given a catalogue of 89
stars showing evidence of magnetic fields. Most of these stars are too early
in spectral type, or too faint, to be in the catalogue of photoelectric uvby
photometry, but there are 13 stars in common., Of these 4 are outside the
spectral range we are discussing (negative color index). Of tie remaining 9
stars 5 have relatively small magnetic fields (He< 500 Gauss), and these stars
appear norms! from the point of view of their photometric indices. For 3 of the
small-field stars (68 Tau, 16 Ori, 4 Vir) the photometric M_ corresponding to
the indices could be tested, and the residuals were found to be less than 0?2.
However, the age determined for 63 Tau from the location in the Hertzsprung-
Russell diagram is lower than the expected Hyades cluster age by several times
the estimated probable error.

Four of the stars considered have relatively large magnetic fields, Data
for the comparison of the magnetic and photometric properties are given cn the
next page.
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Extremes of effective
Babcock Ko. b-y m Acl field in Gauss according
to Babcock
28 53 Cam 05057  0O.25%  -07196 -5120 +3700
37 HR 4369 0,107 0.254%  -0.034 -1000 +800
55 g CrB 0.14%0 0,255  -0.058 -960 41020
78 4 Equ 0.147 o0.242  -0,028 +180 4880

The stars stand out through their high m,-values (cf. Fig. 2) and
negativeAcl-values. The case of 55 Cam (not plotted in Fig. 1) is particularly
striking. The age determination scheme clearly fails here.

The peculiar stars in question constitute a small fraction of the stars
in the spectral range in question, and their inclusion would affect statistical
results to a small degree only., In a sample of bright c¢tars the peculiar stars
are, of course, known and can be excluded, In fainter samples the stars with
high n&-values might be excluded for a test of the influence of peculiar stars.,

We turn now to a discussion of the third of the questions formulated in
the introduction. In principle the determination of the place of formation of
a star from its age and space velocity is, for course, a relatively simple
problem. The question is whether or not the ages and space velocities are ac-
curate enough, and the gravitational field of the galaxy known well enough,
for the results to contribute significant information, valid for individual
stars or statistically. Our discussion has described the attempts at increasing
the accuracy of the determinations of age and space velocities, I should like
now to sumarize briefly some of the results obtained in the applications.

We shall subdivide the stars into age groups and consider the distribution
of the stars in velocity space for each age group. This type of approach has
been adopted in a large number of investigations starting with the discussions
of the relation between radial velocity ard spectral class. Reference is made
in particular to recent investigations by J. Delhaye (46), P. Parenmago (U47),

A. ¥ Vyssotsky (48), A. Blaauw (49), R. v. d. R. "oolley (50), R, v. d. R.
Woolley and O. Rggen (51), and O. Eggen (52) and (53).

Fig, 5 shows the distribution of the stars of six age groups in the UV-plane
(U is the velocity component, corrected for solar motion. in the direction of
the galactic center, V in the direction 1=90°, b=6°). The stars in the age
group 0-20 million consist of B8-9 stars in D. Crawford's photometric catalogue
which according to their location in the B- (U-B)o diagram have ages in this
range. The groups 200-300, 300-400 and 400-600 million years contain the
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stars in the photometric uvby catalogue in the color range b-y 0?05 - 01?16
which according to their location in the cl- (b-y) diagram belong to the re-
3 . spective groups. The 600-900 million year group Was similarly selected, but
K only stars from the upper half of the main segquence band were included since i :
; ti.» ages are not sufficiently well determined near the zero-age line for the

coic- index range in quesiion.

23 The age group 0-20 milijion years shows the expected nearly circular dis-
tributior with relative'ly small dispersion. For the age group 200-300 million
years we note the appearance of a feature at the upper right-hand side of the

. distribution vhich is also brought out by the workx of Delhaye and Blaauw ;
referred to above, although not so clearly. It can be approximately described '

. as a ridge extending to the left from the point corresponding to the motion
of the nucleus of tke Ursa Major stream. An addition also appears at the lower
left corner of the distribution, near the point corresponding to the motion

: of the Hyades stream. The additions produce the well known ellipsoidal, vertex-

3 suifted distribution characteristic of the A stars, There is a striking absence

' of stars in the lower right-hand quadrant of the UV-plane.

For the age group 3C0-400 million years the Ursa Major feature in the
velocity distribution has disappeared while the Hyades feature has been strenthened.
The lower right-hand quadrant is still nearly empty.

Rt

At LAt
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Inspecting the velocity distribution for the age group 400-600 million years :
; we see that the Ursa Major feature has reappeared in approximately the same =
‘ area, and that the region around the Hyades point is still populated while there :
are hardly any stars in the quadrant mentioned.

‘ The age group 600-900 million years in the present material contains rather

fev stars. However,the results suggest that further investigations based on an
extended and improved age calibration for the upper half of the main sequence

band in the spectral range of late A stars and F stars shuuld give the answers to
a muber of questions regarding the transition to the relatively smooth ellipsoidal

AV
7

>, v
AA Y

velocity distribution characteristic of groups of greater age.
Comparison of the velocity distribution for the combined age groups 200-300
:‘ million years and 400-600 million years with that for the group 300-490 million
years shows a pronounced difference in the population of the general area of
3 the Ursa Major feature, 1

The next step in the discussion is the amalysis of the distribution of the
~ 3 places of formation of the stars computed on the bagis of the space velocities
: and ages. In today's lecture I should like to limit discussion to the
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kinematics of the main sequence stars, so I shall make only brief comments of a
general pature regarding the broader problem. ]
If the velocity components are known with an accuracy of about + 2 km/ sec and
the ages to + 10 to 15 per cent of the main sequence lifetime, then the computed
places of formation should give significant information regarding formation in
associations for groups of stars with lifetimes up to about 100 millicn years.
For groups with lifetimes up to about 1000 million years the discussion sheuld
A yield information on spiral arm structure, more particularly on sectors of
spiral arms that are active in star formation. The information is less precise

RN AYSSI RS § ganDor iy Lioopeny

than in the previous case but pertaimto a larger volume of the galaxy, For
stars much older than 1000 million years only conclusions concerning the overall
structure of the gelaxy can be drawn (the uncertainty in the age being of the
same order as or larger than the characteristic periods of the galactic motiom),
unless special circumstances make it possible to select relatively small portions
of the galactic orbit where star formation is most likely to have taken place
(cf. e.g. the discussion of disc high-velocity stars by U. Van Wijk (54)).

3 The pronounced clumpiness in the velocity distribution, and the marked

x changes with the age range of group considered (cf. Fig. 5) show that star

& formation did not occur with approximately equal, or smoothly varying probability
c over the relevant galactic regions., We conclude that the observational material

of space velocities and ages does contain information regarding star formation in
spiral arms.
f To each point in the UV-plane there corresponds a galactic orbit, and according
. to the relevant age range a certain portion of this orbit is indicated as the
center of a region of probable star formation. We can thus translate the data
contained in diagrams such as those presented in Fig, 5 into information on
star formation, provided we have available sufficiently detailed tables describing
galactic motion as a function of time and the parameters U and V. For a given
gravitational field the computation of such tables with the help of electronic
computers is, of course, a relatively simple matter (the volume occupied by
the star samples considered, although relatively small, is not negligibly small, dut
3 it presemts no difficulties to allow for this).

As an example consider the entity of galactic crbits corresponding to U and V
values of the lower right-hand quadrant, If on all these orbits we mark the
x portions corresponding to the age range 100-600 million years (cf. Fig. 5), then
E we delineate regions of the galaxy vwhere the probability of star formation was

TR
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very low during the time interval in question. On the other hand, a similar
construction for the section of the UV-pline where we find what we have referred
to as the Ursa Major feature would outlin: a galactic region of high probability of
star formation,

B. Lindblad (55) has examined the phenomenon of the vertex deviation found for
the A stars in terms of dispersion orbits,defined as the orbits along which an
assoclation of stars tends to disperse in the ceatral field of the galaxy, Lindblad
suggested that the stars of young population I which are responsible for the
vertex deviation may have originated in one vast cloud; following Oort we might say,
perhaps part of a spiral am,

I. King {56) has pointed out the importance of this conmtext of the epicycle
period given by x/ Y -B(&-B), vhere A and B are the Oort constants. With the
values of A and B given by M. Schmidt (57) this period is 230 million years. It
is interesting to pursue this idea in connection with the interpretation of the
diagrams of Fig. 5, however it should be emphasized that both the presently used
age calibration and the epicycle period are subject to revision that may lead
to appreciable changes. The general program which has just been outlined will,
of course, when carried out, automatically throw light on the role of the
epicycle period.

We shall now return to questions concerning the late ¥ and early G stars., We
have seen that for these stars a fairly accurate determination of the relative
metal content, in particular of the quantity [Fe/H] , is possible on the basis
of the indices m and b-y., With the calibration obtained using the results of
Wallerstein's quantitative analysis we find that the observed distribution of
the late F and early G stars in the m - (b-y) diagram corresponds to a range of
relative metal content limited by the Hyades value and approximately 0.2 times
the Hyades value. As already mentioned the subdwarfs of extreme population II,
with relative metal contents around 0.01 times the Hyades value (cf. L. H. Aller and
J. L. Greenstein (58)), are so relatively rare that they are not represented
in the sample of stars brighter than V = 6.5,

The wide range of variation of relative metal content for the main sequence
stars of the spectral range considered is an important feature, and it is clear
that this must be taken fully imto account in future work on the calibration of
the Hertzsprung-Russell diagram in terms of mass and age. The relative helium
content of course also enters the problem, affecting both the location of the
zero-age line and the mass-luminosity relation o this line,
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Investigations of the relations between age, chemical composition and spece

veloc.ty for the older stars of the galaxy by a number cf astronomers have
already led to very important results. With improved age ca.libration) and datae

of somewhat increased accuracy for samples of stars complete to given apparent
magnitude limits, these investigations could be pushed further., I wish to mention
in this connection that an extension of the photoelectric uvby photometry for

F5 - G2 stars to the limit V = 7.3 is nov under vay, and that it will be followed
by an extension to V = 850 for F8 - G2 stars.

I should like to comment on one result obtalned from the present material of
Aml-values, space velocities, and color indices and absolute magnitudes (for
a preliminary, but more general discussion cf. B. Stromgren (59)). The inves-
tigations of Greenstein and his associates, of Sandage, 0. Wilson, Oke,
Wallerstein, and others, have shown that stars of appr.ximately the same chemical
camposition as the Hyades occur among relatively old stars, older than, say,
the galactic cluster M67. Our observational material confirms this result.
It shows that the old stars in question have metal contents that average lower

than the Hyades value, However, the range of variation is relatively large and
does include the latter,

s ek wa

Among the 1217 stars in the catalogue of photoelectric uvby pnotometry very
few have velocity componexnts ‘W‘ at right angles to the galactic plane larger
than 35 km/sec, and these stars all have metal ~ontents smaller than 0.3 times
the Hyades values, This result and the results of extension work by several
investigators on the wltraviolet excesses of high-velocity stars suggest that
the galactic halo consists almost exclusively of stars with relatively ilow
metal content, The great majority of these stars have metal contents in the
range C.2 - 0,3 times the Hyades value, and only a small fraction are of extreme
population II with very low metal contewt. When the planned extension of the
photoelectric uvby photometry to the limit V = 8" O has been completed it will be
possible to carry out a sharper test of this picture,
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